We provide a review of current electron spin resonance (ESR) techniques for studying basic molecular mechanisms in membranes and proteins by using nitroxide spin labels. In particular, nitroxide spin label studies with high-field/high-frequency ESR and twodimensional Fourier transform ESR enable one to accurately determine distances in biomolecules, unravel the details of the complex dynamics in proteins, characterize the dynamic structure of membrane domains, and discriminate between bulk lipids and boundary lipids that coat transmembrane peptides or proteins; these studies can also provide time resolution to studies of functional dynamics of proteins. We illustrate these capabilities with recent examples.
obtained for each orientation of the system with respect to the constant magnetic field. The homogeneous line broadening (hb) of the spectra would then reflect the motional dynamics.
ESR spectra are known to change dramatically as the tumbling motion of the probe slows, thus providing great sensitivity to fluidity in the neighborhood of the spin probe (1) . This is different from NMR, where the molecular motions in liquids lead to nearly complete averaging of the motion-dependent terms in the spin Hamiltonian. Their residual effects are then reflected only in the relaxation times, T 1 and T 2 , and may be accounted for by Redfield perturbation theory. However, the equivalent terms for ESR are much larger, frequently leading to effects that are too dramatic to be addressed by perturbation theory. Instead, an approach based on the stochastic Liouville equation, known as slow-motional theory, has been developed (6) (7) (8) (9) (10) , which shows that the dramatic line shape changes are particularly sensitive to the microscopic details of the dynamics.
These methods of analysis enable a quantitative assessment of ESR spectra in terms of motional rates of spinning of the nitroxide moiety, the end-over-end tumbling of the tagged molecule, and local environmental constraints to the motion. For a spin-labeled protein, for example, the motions could be the spinning about the tether attaching the nitroxide and the overall tumbling of the protein. In a bilayer, typical of a cell membrane, reorientation of the lipids is constrained by the surrounding lipids and other molecules. The motional rates lead to a rotational diffusion tensor, whereas the motional constraints lead to an orientational order parameter.
The changes in magnitude of the hf splitting and g shift can be used to monitor features of the local surroundings, such as its polarity (11, 12) . In addition, unpaired electron spins from different nitroxides (on the same or different molecules) interact weakly through long-range magnetic dipolar interactions or strongly through short-range Heisenberg spin exchange. In fluid media, these latter interactions can be used to monitor microscopic translational dynamics (13, 14) . In frozen or very viscous media, the dipolar interactions can be used to measure distances (4), either by continuous wave (cw) ESR (4, 5, 10, 15, 16) or pulsed ESR (4, 17) .
Often, one must deal with the complications of samples that are MOMD [i.e., microscopically ordered but macroscopically disordered (7, 9) ]. Membrane vesicles offer a physical example of this property. Spin-labeled moieties in the different vesicle regions may then be oriented at all angles with respect to the magnetic field, thus providing a "powder-like" spectrum with inhomogeneous line broadening (ib) superimposed on the hb. The degree of the ib is determined by the extent of local (microscopic) ordering. This ib masks the hb, resulting in reduced resolution to dynamic and ordering parameters. Despite this, modeling of the heterogeneity and of the dynamic effects to fit the ESR spectrum can yield important insights (18, 19) .
Technical Advances
New instrumentation greatly enhances these capabilities and allows ESR to be applied more effectively to the complex structural and dynamic aspects of membranes and proteins. There are two principal avenues of contemporary ESR developments (20, 21) . The first is the extension of cw ESR to high fields/high frequencies (22) (23) (24) . The second is time domain, or pulsed ESR (20, 21) .
High-frequency (HF) ESR.
The primary advantages of extending ESR to HF (22) (23) (24) include an increased signal-to-noise ratio and improved spectral resolution. As one moves to HF, two important features emerge. First, for a given diffusion rate, as the ESR frequency increases, spin-label motion appears to become slower (25) ; that is, HF ESR spectra act as a faster "snapshot" of the dynamics (cf. Fig. 1, right) . At the low-frequency end, one observes motionally narrowed spectra, whereas, at the high-frequency end, the spectra display very slow motion, almost at the rigid limit (due to the increased importance of the g tensor). The second feature is the great improvement in orientational resolution of the nitroxide spectrum (22) (23) (24) 26) , illustrated in Fig. 1 , left. At 250 GHz, the regions corresponding to nitroxides with their x axis B 0 (i.e., x axis is parallel to the main magnetic field, B 0 ), y axis B 0 , and z axis B 0 are well separated, because of the dominant role of the g tensor; this separation is not observed at 9 GHz. Then, because one can discern the axis (or axes) about which the motion occurs, the 250-GHz slow-motional spectra are much more sensitive to the details of the motions than are those at microwave frequencies (26, 27) .
Pulsed ESR. Pulsed ESR techniques (20, 21) , especially in two dimensions, that have many analogies to 2D NMR are a second highlight. To achieve greater reliability in analyzing spectra, one must improve spectral resolution in studies of the dynamic structure of biosystems. Foremost is the need to distinguish between the mechanisms of hb and ib, which is achieved with the aid of spin echoes. A technique that accomplishes this is 2D electron-electron double resonance (ELDOR) (28) (29) (30) (31) , which also supplies offdiagonal peaks (cross peaks) that directly report on translational and rotational motions of labeled biomolecules. Double quantum coherence (DQC) is a new and powerful application of pulsed ESR for distance measurements between interacting spins in frozen media (32, 33) . The virtue of DQC ESR shown in Fig. 2 is that it permits detection of only the weak dipolar interaction between the two nitroxides in the ESR signal. Oscillations in echo amplitude versus echo time are due to this dipolar interaction (Fig. 2) . A detailed analysis of DQC indicates that distances can be measured to ~80 Å, comparable to the capabilities of fluorescence energy transfer (33) . 
Illustrative Applications
HF cw ESR and complex dynamics in proteins and membranes. The snapshot feature of cw ESR encourages a multifrequency approach to the study of the complex modes of motion of proteins, DNA, and other polymers, enabling the decomposition of these modes according to their different time scales (25) . For example, in the case of proteins, the higher frequency ESR spectra should "freeze out" the slow overall tumbling motions, leaving only the faster internal modes of motion. Alternatively, ESR performed at lower frequencies would be sensitive to the motions on a slower time scale. This is in contrast to aqueous solution NMR, where all modes are usually in the fast motional limit and contribute only to T 1 and T 2 .
The virtues of such an approach were demonstrated in a study at 9 and 250 GHz on spinlabeled mutants of T4 lysozyme in aqueous solution (34) . On the short time scale of the 250-GHz ESR experiment, the overall tumbling was too slow to affect the spectrum; thus, a MOMD analysis provided a satisfactory modeling of the overall tumbling, and HFenhanced spectral resolution reported on the internal dynamics (Fig. 3) . The analysis of the 9-GHz spectra was more complex, because the longer time scale did not freeze out the overall tumbling motion. The slowly relaxing local structure (SRLS) model (25) simultaneously incorporated both the internal and overall motions (Fig. 3, bottom) . By fixing the internal motional parameters at the values obtained from the 250-GHz data, fits to the 9-GHz line shapes generated by SRLS successfully yielded the rate for the global dynamics. Thus, exploiting the time scale separation allowed more information to be extracted [see (35) (36) (37) (38) ].
Fig. 3.
A multifrequency ESR study of nitroxide spin-labeled T4 lysozyme in aqueous solution. The derivative spectra are for the spin label on residue 44 and are taken at 10°C (34) . The relevant molecular motions are shown schematically in the lower part of the figure. The protein tumbles slowly about its principal axes of overall diffusion; this is the SRLS. The motion of the spin label moiety is restricted by its tether and its surroundings to be within a cone, whose main axis makes an angle with the protein main axis. The spatial extent of the internal rotational diffusion modes and their rates are distinguished from the protein overall tumbling rates as described in the text.
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In a demonstration of the excellent orientational resolution at 250 GHz, macroscopically aligned membranes containing a mixture of head groups [zwitterionic phosphatidylcholine (PC) and negatively charged phosphatidylserine (PS)] were studied by using the cholesterol-like spin label, cholestane (CSL) (26) . The direction of alignment of the CSL molecules could be clearly discerned as the orientation of the membrane normal was changed with respect to the magnetic field. The CSL in PC-rich membranes exhibited typical behavior; that is, its long axis was parallel to the bilayer normal, and its rotational diffusion rates R were slow (R ~ 10 6 to 10 7 s 1 ). However, the behavior in PSrich membranes is unusual and was interpreted in terms of a strong local biaxial environment. Although predicted from molecular dynamics simulations, this gives experimental evidence for local biaxiality. By contrast, given the poorer orientational resolution at 9.1 GHz, it was not possible to distinguish such detail from the 9.1-GHz experiment.
Two-dimensional Fourier transform (FT) ESR and dynamic structure of membranes.
Two-dimensional time domain ESR methods allow one to study both dynamics and ordering in membrane vesicles (30, 31) . In general, 2D ELDOR spectra from membrane vesicles exhibit more dramatic variations due to changes in membrane properties than do spectra obtained by cw ESR. A simple interpretation of these spectra is thus possible merely by pattern recognition. For example, 2D ELDOR contour plots are shown for the spin-labeled lipid, 16 PC, in pure lipid vesicles (Fig. 4A) and for a lipid-cholesterol (1:1) mixture (Fig. 4B) . The former is in the standard liquid crystalline (LC) phase, whereas the latter is in a "liquid ordered" (LO) phase. This type of LO phase has been found to play an important role in cellular signaling and in membrane trafficking (19, 39) . Visually, the spectra are qualitatively different, emphasizing that the LO phase exhibits substantially greater ordering, but comparable rotational mobility, in comparison with the LC phase. Quantitative spectral fits confirm that the increased microscopic ordering leads to increased ib affecting the spectra from the LO phase. Furthermore, the restriction of the range of orientational motion, due to the microscopic ordering in the LO phase, shows up as a much slower development of cross peaks. 
Two-dimensional FT ESR and lipid-protein interactions.
The merits of 2D FT ESR spectroscopy are well demonstrated in studies of the effect of the peptide gramicidin A (GA) on the dynamic structure of model membranes. Besides bulk lipids, boundary lipids that coat the peptide are present but difficult to resolve in cw ESR. Two-dimensional ELDOR at 9.3 GHz (31) yielded dramatic changes in spectra as GA was added to vesicles, because of changes in the dynamic structure of bulk lipids. However, newer 2D ELDOR results at 17.3 GHz, with improved time resolution, show the presence of two components (40) . The boundary lipid appears as a broader spectral component, characteristic of a more slowly reorienting lipid with greater motional restriction (Fig. 4,  C and D) . Aligning the membranes enables resolution of boundary lipids, even in the presence of small amounts of GA (1 to 4 mole percent) (30, 40) .
Multiple-quantum ESR and distance measurements. The determination of intra-and intermolecular distances has become an important application of contemporary ESR spectroscopy. Areas of interest include the structure of protein complexes and the functional dynamics of proteins that are neither soluble nor crystallized (4, 5, 10, 15, 16) . Strong DQC signals for a variety of bilabeled nitroxide molecules in both disordered and oriented solids have been achieved recently (32, 33) (cf. Fig. 2 ). For a benchmark rigid linear biradical, piperidinyl-CO 2 -(phenyl) 4 -O 2 C-piperidinyl, a distance of 28.8 ± 0.5 Å between the two nitroxide groups was obtained (versus 28.06 Å from molecular modeling). For a semiflexible bilabeled synthetic peptide [MTSL-CPPPPC-MTSL in frozen solution at 82°C (MTSL, the [1-oxyl-2,2,5,5-tetramethyl-pyrrole-3-methyl] methanethiosulfonate spin label; C, Cys; and P, Pro) relevant to biophysical studies, a mean separation of 22.6 Å between the two nitroxide groups and a distribution half-width of 2 Å (which smears out the Pake doublet) were found. Current sensitivities require ~300 pmol of bilabeled molecules, but it is estimated that, in the future, studies with samples that are approximately an order of magnitude less will be feasible (33) .
Future Prospects
Given the virtues of time domain ESR (such as direct determination of relaxation rates and differentiation between hb and ib) compared to the virtues of HF cw ESR (enhanced orientational selectivity and greater sensitivity to nuances of the molecular dynamics), it would be desirable to extend pulse techniques to higher frequencies (41) . However, as the frequency is increased, spin-labeled biomolecules in fluid media would have shorter transverse decay times, because of enhanced hb and ib. Thus, even shorter time resolution and greater spectral bandwidths would be required, hence shorter and more intense radiation pulses (30) . Progress in developing a coherent pulsed high-power spectrometer at 95 GHz has recently been reported (42) .
The fast time scales of 2D FT ESR (30) are poised to address the functional dynamics (5) of proteins. Nanosecond resolution is achievable in following the time evolution of a (small) region of the spectrum, and 0.1-to 1-µs resolution is possible for the entire nitroxide spectrum. cw ESR studies of the transient behavior of bilabeled bacteriorhodopsin following light activation were able to resolve key distance changes occurring on the 1-ms to 1-s time scale (43, 44) . FT ESR combined with DQC should enable studies in the submicrosecond range. Similar applications for short time dynamics would be for rapid mixing and stopped-flow experiments (45) , limited only by the time resolution of these methods.
